This contribution presents a novel simulation for a fixed-wing aircraft powered by gas turbine engines and advanced propellers (turboprops). The work is part of a large framework for the simulation of aircraft flight through a multi-disciplinary approach. Novel numerical methods are presented for flight mechanics, turboprop engine simulation (in direct and inverse mode), and propeller dynamics. We present in detail the integration of the propeller with the airframe, aircraft and tonal noise model. At the basic level, we address a shortfall in multi-disciplinary integration in turboprop-powered aircraft, including economical operations and environmental emissions (exhausts and noise). The models introduced are based on first principles, supplied with semiempirical correlations, if required. Validation strategies are presented for component-level analysis and system integration. Results are presented for aerodynamics, specific air range, optimal cruise conditions, payload-range performance, and propeller noise. Selected results are shown for the ATR 72-500, powered by PW127M turboprop engines and F568-1 propellers.
INTRODUCTION
This contribution is an extension of a flight performance framework that was originally developed for commercial aeroplanes powered by high by-pass turbofan engines. We use first principles and accurate models across various disciplines and aircraft systems. Traditional methods, particularly those used in preliminary aircraft design, rely on low-order approximations that are neither reliable nor useful for modern engineering analysis. The problem of accuracy in flight performance analysis has been previously discussed (1) , and it will be further demonstrated in this instance. This paper has four main scopes:
1. To propose in broad lines numerical methods for the analysis and optimisation of the flight performance of modern propeller-turboprop transport aircraft.
2. To propose rational validation methods for the theoretical framework, including systems and integration.
3. To assess the environmental characteristics of turboprop-powered transport aircraft in the context of short-to medium range. 4 . To make accurate assessment of the noise performance of the aeroplane and to set the basic framework for the determination of optimal flight paths with a flight management system.
The first scope falls within the remit of a comprehensive flight simulation method (1) (2) (3) (4) , and some of its applications †. Priority is given to the new methods; the reader is referred to related publications for details. The second scope has been partially addressed in our previous work, and is now extended to include multi-disciplinary aspects of the turboprop-powered aeroplane. The third scope falls within the large context of environmental emissions, and attempts to provide an unbiased assessment of the actual use of energy over a fixed stage length. Among other applications, the emission data can be used for comparison with some high-profile high-speed rail projects around the world, for an educated assessment of the true costs of emissions from different modes of transport and the viability of very-short range commuter flights. Some of these aeroplanes are used for stage lengths as low as 100 miles. The fourth scope is related to optimal flight paths that minimise noise from commercial aviation.
Most of the research available on comprehensive aircraft performance, including noise emission, deals with jet-powered aeroplanes; therefore, there is a lack of focus on the modern propeller aeroplane, which can have an expanded role in the short-haul aviation services. In particular, we address the problem of matching a propeller performance to a realistic turboprop engine, and then the propulsion-airframe integration, without having to rely on fictitious values of the propulsive efficiency.
The comprehensive numerical model will be presented in broad lines, and includes the flight mechanics, the propeller model and its integration with the aeroplane and the noise model. Other sub-models have been published previously, and will not be reviewed in this context. In particular, Ref. 1 contains a review of the state-of-the-art techniques, with reference to jet-powered aeroplanes, alternative methods and their shortcomings. The present method interfaces with other software systems, with the Gas Turbine Program GSP5 for the determination of accurate engine models, with FEM codes for the determination of tyre loads, and CFD models for the generation of meshes for aerodynamic calculations.
The aeroplane model considered in this paper is the ATR 72-500, powered by Pratt & Whitney PW127M turboprop engines and Hamilton-Sundstrand F568-1 propellers. We will present the general strategy for constructing an aeroplane system. All the information available in the public domain, as well as technical information supplied by the aeroplane manufacturer has been used in support of the conclusions of this study.
The short-range turboprop aircraft is generally characterised by relatively low cost, moderate environmental emissions and good productivity levels. The aeroplane has a strategic advantage on stage lengths below 250nm and competes with ground transportation systems, chiefly the highspeed rail. The latter mode of transport has received considerable investment in recent years, but no reliable data are available to assess its true environmental impact and its cost.
The computer programme described in this contribution has been developed over a number of years and has been throughly validated. It can provide analysis in the fields of aeroplane aerodynamics, geometry modelling, propulsion system, thermo-structural performance (including tank fuel temperatures, tyre loads at take-off and landing), propeller performance, flight mechanics, mission analysis, aircraft noise and more. Other features of the program include the determination of the structural mass distribution, the position of the centre of gravity, the moments of inertias and all the aerodynamic derivatives. The programme aims at providing realistic scenarios and reliable results through multi-disciplinary validation and multi-stage optimisation (climb and descent flight paths) in a matter of minutes of computing time, rather than hours.
THEORETICAL FRAMEWORK
A flowchart of the system is shown in Fig. 1 . A typical aeroplane model consists of the following:
1. 300 to 400 control points distributed on three planes (side-view, top-view, front-view) and a set of rules to reconstruct the geometry;
2. An aeroplane design file, including the design weights, along with other certified data (about 50 parameters); 3. An engine design file, including basic performance data (from the type certificate documents), emission indeces from the ICAO data bank, if available (about 45 parameters);
4. Engine envelope data over the full range of Mach numbers, flight altitudes and air temperature. For a propeller-driven aircraft, we have a propeller deck, discussed separately.
The input deck has been extended to include propeller parameters, which contain basic configuration data, as well as blade sections at selected radial positions and corresponding aerodynamic polars (C l , C d , C m versus angle-of-attack). The aerodynamic polars are either from tabulated data, or (most likely) from calculated data at low Mach number, typically M = 0 . 1 to 0 . 2. We determine the aerodynamic coefficients at higher Mach number with a low-order transonic aerodynamic model (6) that is inserted between the data handling and the propeller analysis. The engine deck has been extended to include a model for the calculation of steady and quasi-steady state propeller performance over the full range of flight conditions, in axial and non axial flight. The model produces the propeller envelopes, which are stored in a database for real-time use in the flight mechanics integration.
PROPULSION SYSTEM
The propulsion system is a combination of a propeller, a turboprop engine, their mutual integration, and the integration with the airframe. The problem is thus split in parts, which are discussed separately.
Propeller model
A propeller model consists of an input deck containing: blade number and diameter, design rotational speed (rpm), design true air speed (TAS), design altitude, design shaft power and other data, including blade cut-off, reference blade sections and methods to interpolate the sections. Another required deck contains aerofoil data, which are divided into two categories: aerofoil contours and aerofoil aerodynamic polars. The latter data are aerodynamic coefficients C l , C d and C m calculated over a range of angles-of-attack (typically in the range ± 20°) at one specified Mach number and Reynolds number (typically, M = 0 . 2, Re = 2 ×10 6 ). The propeller is constructed from photographs of the blades, which are then digitised and processed to produce a realistic (though not exact) chord distribution. The twist distribution is not available, and is determined via optimum conditions on the local blade circulation following the method of Adkins and Liebeck (7) . This approach follows from the assumption that a real-life propeller has been optimised for maximum efficiency. Likewise, the true aerofoil sections are unknown, and can only be determined by using some educated guess. In this context, we use standard supercritical wing sections designed for rotorcraft applications (for example, SC-1094, SC-1095). The justification of this choice is that in both cases the blade sections operate in a rotating environment, and in both cases they work at transonic Mach numbers M tip > 0 . 8. In summary, we are able to establish a blade geometry with a chord and a twist distribution. Figure 2 shows two views of the propeller geometry as reconstructed by the propeller model. This is the baseline for all the propeller performance, propulsion integration and acoustic analysis.
Since the aerodynamic polars are calculated at one (generally low) Mach number, the extrapolation of aerodynamic performance at higher Mach numbers is done through an operator
. . . (1) where PropData = {C l ,C d ,C m } at the input vector (Re, M, α e ). If the effective angle-of-attack of the blade section falls within the available range (±20°), a transonic aerodynamic mode (16) is used to determine both the Reynolds and the Mach number effects. Specifically, the procedure returns the wave drag contribution C Dw , the corrected lift-curve slope C L and the zero-lift drag coefficient C Do corrected for Reynolds number effects. If the effective angle-of-attack falls outside the available data, some extrapolation is used, although care is taken so that the propeller does not operate at these extreme conditions.
The propeller performance itself is based on the blade-element theory with a recursive method for the determination of the local inflow angle. This iterative procedure shows poor convergence properties, unless a corrective action is taken. In fact, in the determination of the local inflow angle φ, it is customary to assume that φ -Tan −1 (U p /U t ), with U p the perpendicular (out-of-plane) velocity component, and U t the tangential (in-plane) velocity component. The interference flow modifies both velocity components, and hence the inflow angle. We use a form of underrelaxation scheme, coupled with a limiter in the axial and radial interference factors a and a′.
Following Adkins and Liebeck (7) , we set a limiter a ≤ 0 . 7, a′ ≤ 0 . 7. If n is the iteration counter at a generic blade section, the under-relaxation strategy is where φ denotes the corrected inflow angle at iteration n + 1, φ n+1 is the predicted inflow angle, . . . (2) φ n is the inflow at the previous iteration. Even with this procedure, convergence can be difficult at the blade tips on a highly loaded propeller, partly as a result of the Prandtl tip correction, which contains some exponential functions.
The propeller model provides the performance at the design point and performance charts that contain advance ratio J, true air speed, rpm, inflow Mach number, the propeller efficiency η, as well as the propeller coefficients C T , C P and C Q , minimum and maximum angle-of-attack α e along the blade radius, the root bending moments in the axial and radial direction and the hub drag. The integration with the flight mechanics can be done in two ways: by direct call to the propeller model at the requested operation point (z g , TAS, C P , C T ) or via interpolation of the propeller's flight envelope. The latter option is chosen, because the call to the propeller function is considerably more time consuming than the interpolation of the propeller's envelope, especially when trim conditions are invoked. Thus, propeller charts for integration are determined. These charts consist of tables that contain a range of rotational speeds (90% to 110% of the design rpm), collective pitch angles ϑ (typically, from −10 to +40°), true air speed (typically, 0 to 300kt). The propeller's envelope becomes part of the aeroplane model.
Before interfacing the propeller with the engine model and the flight mechanics, a smoothing filter is applied to the data. In fact, it is not unusual that errors on the propeller coefficients lead to large interpolation errors later in the analysis. These errors arise from poor local convergence, interpolation of tabulated data, extrapolation of aerodynamic data beyond the limits of the aerodynamic polars, and possibly other factors. Whenever possible, in numerical analysis one must smooth data as much as possible to avoid inconveniences at a later time. The predicted uninstalled performance envelope in axial flight for the F568 six-bladed propeller is shown in Fig. 3 , which displays the power coefficient C P as a function of the advance ratio at selected values of the collective pitch. Lines of constant propulsive efficiency are shown to illustrate how the advance ratio ultimately determines the efficiency of the propulsion system. No flight data are available for assessing this numerical model in isolation from the other systems.
In flight conditions, the propeller is likely to operate at a moderate pitch angle; when performing a manoeuvre, there will be a roll effect. A yaw condition occurs in cases of side gusts or flight with one engine inoperative. For this reason, it is necessary to extend the flight envelope to these offdesign conditions. Non-axial flow conditions lead to other important phenomena, such as mechanical vibrations, unsteady aerodynamic loads and changes in the acoustic signature.
The first step toward the extension of the flight envelope is the determination of suitable inflow equations. The key modification that has been included in the computational model is based on the axial and rotational velocity components at the disk, U a and U r , respectively. These are written as:
where α d is the disk angle resulting from the combination of pitch, yaw and roll. An example of a C P distribution on the propeller disk is shown in Fig. 4 . For the calculation, we have used steadystate aerodynamic data, but the model can be extended to include the dynamic stall. The calculation of the propeller in non axial flow is inconveniently elaborate; it does not add much accuracy to the overall numerical method and has been decoupled from the flight mechanics model.
Turboprop engine model
The physical model for the turboprop engine is a continuous mass flow simulated with a steadystate one-dimensional flow approximation. The simulation environment of the aeroplane requires the determination of the engine state from a required power or fuel flow. Thus, within this framework the engine is simulated in reverse: for a given net shaft power and flight condition (z g , TAS, dT), it is required to determine the engine state; this is defined as the vector of aerothermodynamic parameters (pressures, temperatures, mass flows) through the various sections of the engine. The flowchart of the system is shown in Fig. 5 . The engine thermodynamic symbols are Bleed mass flow rate N%pt High pressure rotor rpm (%) WC2 . 5 Core mass flow rate 
Table 1 Selected turboprop parameters for flight and acoustic analysis
given in Table 1 . The design point is defined by:
.
. . (4)
It is possible to calculate this design point via a parametric analysis around the 'presumed' design point. Neither mass flow rate nor fuel flow rate are available from the type certificate or other technical documents. We constrain the parameters N%pt and TT5 and perform a two dimensional search on the plane W1-Wf6; this leads to a variable shaft power P Shaft and variable TT5. The design point is found where the value of the limit of the P Shaft -curve intersects the limit of the TT5-curve. At this point, the engine will have a unique value of W 1 and W f 6. Note that this is not a guarantee that the estimated point is correct. An alternative solution consists in a parametric analysis at sea level and static conditions, for which the net shaft power is known from the type certificate document. The design point is set so that the design shaft power is delivered at 100% gas turbine speed with the minimum rate of the fuel flow. We show two examples of turboprop performance. First, the residual thrust F g = FG9 through the complete flight envelope is shown in Fig. 6 . This quantity is used in the propeller matching problem, so that the thrust required by the propeller is the net value arising from the whole propulsion system. At high power ratings, the engine is capable of providing about 1kN of exhaust thrust, which can be of the order of 10 to 12% of the net propeller thrust. Figure 7 shows the relationship between the shaft power and the fuel flow rate at two atmospheric temperatures. In the reverse mode option that we use, the independent parameter is P shaft , as discussed next. 
Propeller-engine matching
The propeller-engine matching problem consists of the recursive determination of the engine state and the propeller state in order to provide a specified thrust or shaft power. The actual constraint will depend on the flight condition. The engine state will contain a large set of parameters (several dozen aero-thermodynamic parameters at different sections of the engine), but ultimately only a small selection of these parameters is actually used.
The propeller state is defined by the vector {J,C T ,C P ,ϑ,η}. Typically, the advance ratio is specified via the true air speed, J = ΩR/TAS. The total net thrust F N is delivered by a combination of propeller thrust T p and residual jet thrust from the gas turbine engine, F g (Fig. 6 ):
The residual thrust is negligible at low power settings, but it can be a non-negligible portion of F N , as demonstrated later. We have two categories of constraints: propeller trim at a specified thrust coefficient C T and propeller trim at a specified shaft power. In the first instance, we have flight conditions such as taxi, cruise and en route descent; in the second category we have take-off, climbout, other climb segments and manoeuvre. When the propeller is in idle mode, the minimum shaft power option is selected, subject to the propeller running at the nominal rpm. The take-off conditions are calculated with the following method:
1. Set the ground speed and the true air speed; calculate the advance ratio J.
2. Set the turboprop residual thrust to zero, F g = 0.
3. Trim the propeller to the requested power condition P req (maximum continuous power, or a fraction thereof); this operation provides the value of the collective ϑ and the corresponding net thrust T.
4. Determine the engine state ε corresponding to the required power P req , corrected for installation losses. The solution provides the residual thrust F g .
5.
Calculate the corrected propeller thrust T p = T − F g and trim the propeller to the net thrust T. 6. Reiterate from point 3.
Likewise, at cruise conditions the propeller is trimmed to a required C T ; the propeller-engine matching is calculated recursively with Equation (5). Only four iterations are required for convergence, i.e., with a negligible change in F g . The en route climb condition is slightly more complicated. For a constant-IAS climb (as discussed further in Section 4.2) we request a net thrust equivalent to:
In other words, with a fixed CAS-IAS-v c combination (calibrated air-speed, indicated air-speed, climb rate) at an altitude z g , the net thrust is uniquely determined by Equation (6), the propeller is trimmed to a required C T and the engine state is determined at P shaft = f(C P ). Again, we have a residual thrust F g and the iterations proceed as in the previous case. Note that the climb rate v c is set by the user. If v c is too large (for example, with a too high gross weight), the required C P is also large, and by direct consequence the shaft power would cause the engine to overheat or overspeed, or both. In this case, an engine control signal is used to decrease the required climb rate and the recursive procedure is restarted at a lower climb rate.
Unlike most other methods, we do not use the propulsive efficiency of the propeller at any stage. Although the efficiency of the propeller is defined in the conventional manner, we prefer to use the overall propulsive efficiency of the propeller-turboprop system, to take into account the benefits of the residual thrust:
We thus remove the limitations that arise from constant-efficiency assumption, that is incorrect for any practical purpose. The propeller efficiency is quite variable. In summary, several systems are called in for the determination of the engine matching: . . . (7)
Numerical issues
The calculations required within the propeller model do not allow for a rapid solution of flight mechanics problems. Slow computations typically arise when the propeller has to be trimmed to a required power or thrust, and when the propeller operates in non axial flow, with pitch and yaw angles derived from the flight conditions. Although a single calculation is quite rapid, the number of iterations required to match the propeller to the engine and the flight mechanics can be relatively large. Computations may have to be repeated at each time step in a time-dependent flight trajectory. The effects of propeller yaw β p and pitch α p are combined to provide a unique inflow vector through a rotation matrix. In the reference system of the propeller (x along the rotational axis, y on the horizontal plane to the right of the flight direction, and z pointing down), the pitch is calculated in the vertical plane from the x axis; the yaw is calculated in the horizontal plane from the x-axis.
Numerical analysis of the propeller performance over the range 0 < α p < 15° at various cruise conditions showed that both the shaft power and the net thrust can be approximated by polynomial functions. An example of such computations is shown in Fig. 8 . Note that the decrease in power is similar to the behaviour of a helicopter rotor, transitioning from hover to forward flight. Thus, in order to avoid time-consuming iterations, polynomial curve fits are generated. 
FLIGHT MECHANICS MODEL
Among the important aspects of an aeroplane simulation model is the determination of optimum flight conditions, in particular the combination of the initial cruise altitude (ICA), the cruise Mach number (ICA-Mach) and the final cruise altitude (FCA). The time-integration is also important. Variable time steps have to be used in order to maintain the computational effort to a reasonable level. We typically use dt~ 10 −2 s for integration at take-off and initial climb, dt~ 10
Ground performance
In the roll mode, the aircraft is commanded to operate with one engine only to improve efficiency. In fact, when trimming the propeller at a low C T , the propulsive efficiency η is rather low, and causes a large fuel consumption. To overcome this problem, it is preferable to have one propeller working at higher thrust than two propellers working at low thrust. Clearly, other problems intervene, such as the lateral trim of the aircraft during ground roll, and the start-up of the inoperative engine before take-off. Parametric studies done with the model described above confirm that this is the case.
The take-off of the aeroplane from the brake-release point to the point at which the aircraft climbs above a 35ft hurdle is modelled by a set of differential equations that are integrated in the time domain with a fourth-order Runge-Kutta method. The system of differential equations is written in the form where z is the airfield altitude, OAT is the outside air temperature, x CG is the position of the centre of gravity in terms of percent MAC (mean aerodynamic chord), and W is the gross weight. The vector in dependent variables is Y = (x, z, v c ,U, α, ω y , ω y ,ṁ f ). In addition, there are differential equations that describe the tire thermo-structural mechanics, as described in Ref. 2 . The corresponding unknowns are the tire temperature and the inflating gas temperature, both for the nose and main landing gears. Thus, the system of ODE is made of 12 differential equations.
At the start of the time-integration, the flap setting is set to a tentative value; this value is increased in steps if the aircraft fails to take-off with a minimum initial gradient. If a step-change in flap setting is required, the state vector is re-initialised, the time is reset and the integration is restarted. Other aspects of the take-off problem, such as the determination of the minimum control speed on the ground and the accelerate-stop distance, can be calculated at the same time.
Climb and descent models
A sketch showing the climb schedule is presented in Fig. 9 . After take-off, the aeroplane climbs to an initial cruise altitude. The end-point of this trajectory is calculated by local optimisation of the specific air range (SAR). For a given GTOW, the optimum combination of ICA-Mach or ICA-TAS is calculated through a local optimisation algorithm that uses as free parameters the flight 
. . . (8)
Mach number and the flight altitude. This optimisation is an inner loop of the mission fuel optimisation. The process repeated each time the mission analysis is calculated, using the appropriate initial cruise weight. Part of this process is used for the determination of the specific air range charts, discussed in Section 5.3. The detailed process is the following:
1. Estimate the initial cruise weight. 
Increase altitude and repeat from
Step 3.
The sub-steps required at Point 3 provide both the long-range and the maximum cruise Mach numbers (or KTAS). The optimum ICA-Mach will be found by higher-order interpolation of the calculated points. It often happens that the optimum ICA is too high, and the aircraft is unable to climb efficiently to that point. This inconvenient result is by-passed by setting a maximum flight level depending on a combination of the service ceiling and the limit of the cabin pressure. In any case, the optimal ICA is always adjusted to the closest recognised flight level (FL-210, FL-230, etc.) The optimal ICA-Mach point corresponds to a unique value of the third-segment CAS, called CAS2. The first-segment climb is done at a constant CAS (CAS1). The second-segment CAS is a level acceleration from CAS1 to CAS2 (or TAS1 to TAS2). Furthermore, since the take-off speed 1000 THE AERONAUTICAL JOURNAL OCTOBER 2012 V to (CAS to ) does not correspond exactly to CAS1, a small segment acceleration is required before starting the climb-out phase. The changes in the aircraft configuration, from take-off to cruise, is defined as follows:
• Landing gear out: take-off configuration.
• Landing gear retracted and high-lift systems deployed: climb-out configuration.
• Landing gear and high-lift systems retracted: cruise configuration.
When the configuration is in the take-off mode, the propeller is trimmed to maximum power; in climb-out and cruise modes the propeller is trimmed to a required thrust in order to provide a specified climb rate (Equation 6). This is typical of both the first and the third-segment climbs. The level acceleration is usually in the cruise mode and is achieved by specifying the minimum acceleration rate dU/dt:
Again the propeller is trimmed recursively to the required thrust T p via the interface with the turboprop model, that provides the value of F g . One problem that often arises is that the top of climb (ICA-Mach) or (ICA-TAS) as specified earlier is calculated in order to minimise the fuel consumption at cruise. However, if the overall combination of climb-cruise is considered, the top of climb will be at a lower altitude, particularly for a short-haul flight.
Cruise model
Cruise starts at the operation point defined by the vector V = {z g = ICA;W = ICW;M} where ICW is the initial cruise weight. To keep consistency with the jet-powered aeroplane, the numerical method uses the Mach number instead of the air speed. In most cases the aeroplane is forced to fly at a constant flight level; only in cases of relatively long stage lengths it is required to switch to a higher flight level. The switch decision can be done in a number of ways, the best one being the comparison between the SAR at the current flight level and the SAR at the next flight level. An alternative switch strategy consists in estimating the final cruise altitude from the Breguet range equation; the latter altitude will be adjusted to the conventional flight level. Altitude switch occurs if the higher flight level has a lower SAR. For the reasons mentioned earlier, the higher flight level could be beyond reach.
Mission optimisation
The payload-range analysis is done with three or four key operation points: maximum-payload range limited by maximum landing weight (optional), maximum-payload range, maximum-fuel range and ferry range. By default, we use the maximum-payload range X 1 , the maximum-fuel range X 2 and the ferry range X 3 . If there is a large difference between MLW and MTOW, we also calculate 
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. . . (9) the range limited by MLW, X o . For each of these reference points we have the following algorithm:
• Establish the bulk payload and the fuel. These data provide, sometimes indirectly, all other aircraft weights (gross ramp weight, zero-fuel weight, etc.)
• Invoke a range procedure that performs the core computational tasks.
1. Solve the taxi-out problem.
2. Solve the take-off problem.
3. Calculate the optimal initial cruise conditions ICA-Mach.
4. Solve the climb-to-ICA problem.
5. Solve the cruise problem with unknown range (discussed separately).
6. Solve the descent problem.
7. Solve the final approach problem.
8. Sum all segment fuels and restart from Point 5.
Unless one uses the Breguet range equation (something that is not done in this context), the calculation of a range for a specified fuel is rather elaborate. We require the integration, point-bypoint, of the SAR, through a first-order differential relationship such as where the integration time step is specified. In a normal mission analysis, the integration of Equation (10) is carried out until the specified cruise range is reached. In the payload-range analysis, the stopping criterion is the cruise fuel. Note that the SAR is a point parameter and changes considerably in cruise. Before the integration of Equation (10) can proceed, we need to define the fuel available for cruise. This is defined as follows:
. . . (11) where the last term defines the fuel mass required to cover the extended range. The first two terms on the right-hand side of Equation 11 are calculated only once, before the cruise segment, and do not require any further attention. The cruise flight has to be calculated iteratively. To begin with, the aeroplane is set on a constant glide slope (say 3 degrees) from an estimated final cruise altitude. This assumption permits the calculations of the terms m f(descent) and m f(approach) . The cruise problem, as anticipated, is solved for a fixed amount of fuel (Equation 11) and an unknown range. It is possible to establish the optimal initial cruise altitude and the final cruise altitude. The number of step climbs are set from the specified flight level separation. However, the algorithm is not capable of switching between flight levels, because it is simply commanded to carry on at a constant altitude until the allocated cruise fuel is exhausted. To avoid this suboptimal trajectory, it is possible to implement a predictor-corrector scheme, in which the aeroplane is governed to fly at the current flight level until the SAR at the next flight level is lower. In practice, this change in the algorithm requires the calculation of the SAR twice per time step, and thence twice the computing time.
Aircraft noise
The aircraft noise model is fully integrated with the flight mechanics. For this purpose, we define a vector state of the aircraft as follows: Lat, Lon, z g, θ, φ, ψ, IAS, TAS, V g , N 1 , Wf6, LG, SF, W, OAT, RH, V wind ,Ψ wind ) . . . (12) where Lat and Lon are the GPS longitude and latitude, respectively; z g is the geometrical altitude; θ, φ and ψ are the pitch, bank and yaw angles, respectively; IAS is the indicated air speed; V g is the ground speed; LG denotes the state of the landing gear (0 = retracted; 1 = deployed); SF denotes the state of the high-lift systems (0 = retracted, > 0 deployed, with appropriate setting); OAT is the outside air temperature; RH is the relative air humidity; V wind is the magnitude of the wind speed and Ψ wind is the wind direction. This strategy is important when reading externallygenerated noise trajectories. The flight mechanics model computes this state vector and stores it in a database, which is then used by the noise model. Along with the vector Equation (12), the position of a number of microphones is required; these are stored in the same database.
When the aircraft position is stored in GPS co-ordinates, a conversion to local coordinates is carried out for both the aircraft and the microphones. This is done via the Vincenty inverse distance method (8) , and the first point of the trajectory is assumed as the origin of the new co-ordinate system. The noise model consists of three sub-models:
1. acoustic sources; 2. atmospheric propagation and absorption; 3. wind, boundary and scattering effects.
The acoustic sources are added according to the principle of independent components. The sources are characterised by their exact positions on the aircraft through the geometry model. These sources are propagated through the atmosphere, taking into account the effects of spreading, atmospheric absorption, ground reflection, sound convection due to wind, temperature gradient, shielding and scattering. Details on these sub-models have been covered elsewhere, and are listed here for reference:
• Modified Heidmanns model for compressor noise (9) .
• ESDU method for combustor noise (10) .
• Zorumski's model for turbine noise, modified for multi-stage turbines (11) .
• Fisher et al, coupled with ESDU method for co-axial jet noise (12, 13) .
• Jet shielding model, modified from Simonich and Gerhold (14, 15) .
• Lilleys model for all lifting surfaces noise (16) .
• ESDU semi-empirical model for high-lift noise (17) .
• Brookes-Humphreys model for flap edge noise (18) .
• Guo-Boeing semi-empirical model for landing gear noise (19) .
The jet shielding is not relevant for the turboprop engine and is only invoked for a jet-powered aeroplane. The propagation and diffusion model includes:
• ANSI model for atmospheric propagation and absorption (20) .
• Modified Rasmussens model for wind effects on propagation (21) .
• Attenborough's model on ground reflection (22) .
Compared to the other types of source generation, the accounting of the propeller noise is more elaborate. In fact, the acoustic emission from the propeller depends on another large vector that is dominated by the required shaft power and on the propeller pitch and yaw angles (roll is not accounted for, because of the slow-rate of manoeuvre). In principle, at each point in the flight trajectory, the propeller would have to be trimmed to satisfy the required C P at the actual inflow conditions. This is a time-consumming but unavoidable process, as indicated in Section 3.3. Thus, the propeller is trimmed at every time step. For the propeller to be trimmed we need to provide the state vector
. . . (13) In return, the propeller model provides on output the following vector V i , as a function of the blade element i:
The symbols in Equation (14) are as follows: y/R is the normalised radial co-ordinate; t/c is the local relative blade thickness, normalised with the average chord; c/R is the normalised local chord; the symbols x 444 , y 444 , and z 444 are the co-ordinates of the centre of the blade section. More specifically, x 444 is the pitch change axis, z 444 is the axis of rotation, and y 444 makes a right-hand reference system with the first two axes. The other symbols in Equation 14 are: ϑ, α e , and φ are the pitch, effective angle-of-attack and inflow angles, respectively; C l and C d are the corresponding aerodynamic coefficients. The aerodynamically-induced acoustic signature of the propeller is simulated with a method developed by Hanson and Parzych (23) , which was derived from the exact formulation of the Goldstein's acoustic analogy. In the frequency-domain approach, only the discrete noise at the blade passing frequency and its higher harmonics are predicted. The other sources are neglected. In particular is the broadband contribution, which becomes important at very large blade angles-ofattack. Also neglected is the quadrupole noise due to non linear effects, which is significant at transonic and supersonic tip speeds. The simulated discrete noise is composed of the aerodynamic loading noise and the thickness noise resulting from air displacement. The unsteady effects on both of these sources are accounted for by taking into account the angular inflow on the propeller. In this method, the blade is discretised radially to match the input of the quasisteady aerodynamic loads; chordwise discretisation is possible, but not implemented, since the aerodynamic model used, the blade element theory, does not allow for such a detailed calculation. The main outputs are the non-dimensional SPL(dB) for both the thickness and loading noise at the harmonic frequencies. These acoustic pressures are converted to the observer frequencies as a result of the Doppler effect and presented in the 1/3 octave band scales.
Various noise metrics have been implemented to calculate the aircraft noise over a full trajectory. These are the effective perceived noise Level EPNL (in dB), the sound exposure level L AE and the equivalent continuous sound level L Aeq .
SYSTEM ANALYSIS AND VALIDATION
The validation and verification of the complete framework is done through cross-disciplinary analysis. It starts from the isolated discipline or component and proceeds to the system integration in several steps. A component or a discipline that has been validated in isolation is no guarantee that the models perform correctly at all flight conditions. Futhermore, although some test cases can be found at specified operation points, there are no test cases available to verify a complete aircraft trajectory. With this limitation in mind, we proceed to the validation of the geometry model, the aerodynamics of the aeroplane and the integration between the power plant, the propeller and the airframe. The latter case requires the validation of a point performance parameter (the specific air range), and integral parameters, such as the key operation points in the payload-range chart. The validation of the aircraft noise model is done on similar lines: it starts from the component (Level 1), proceeds to the systems (Level 2) and terminates with the aircraft trajectory (Level 3), where we determine integral noise properties.
Geometry models
There are various methods for calculating the wetted areas of the aeroplane. These methods are based on statistical data and given as semi-empirical correlations for a specific aeroplane class. These methods are not used by the program. The calculation of the wetted area and its components is done by using a more detailed analysis. The basis of this process is the aeroplane model, which is stored as a database of bitmap points on three planes (top, side, front). On top of this data base, we use a set of rules for the determination of the shape and the geometry of each component. No empirical correlations are used. Where the information available falls short, additional control points are added, although some uncertainties cannot be fully removed (for example, wing thickness distribution, effects of wing twist at the root, wing-body shapes). Table 2 shows a summary of wetted areas as computed for this study. A rational validation of this method would require the actual data for the aeroplane, which are not available. In its place, a sensitivity analysis is carried out.
Aerodynamics
Validation of the aerodynamic models has been done in the past on other aircrafts, such as the Boeing 747-100 and the Boeing 777 (1) . Comparisons with reference aerodynamic data should be less difficult than the other items discussed in this study, partly because there are well-established standards in the presentation of the data. However, this practice is not always followed when dealing with full configurations. Some items of concern are discussed below for the ATR 72. Figure 10 shows the result of a blind test for the aerodynamic characteristics of the aeroplane at cruise conditions (the data were found after the complete aeroplane was simulated). The dashed lines represent 'reference data' inferred from Caldarelli (24) . Whilst the calculated lift-curve is remarkably close to the data, the drag-curve is compared with the data divided by 10. We believe that there must be such a factor in the presentation of the curves, since drag coefficients for conventional aeroplanes are in the order of 250 to 300 drag counts. When such adjustment is done, the calculated C D is again remarkably close to the data, with two additional comments:
1. the trend of the C D is correct over the angle-of-attack incidence, which proves that the liftinduced factors are correctly accounted for; 1006 THE AERONAUTICAL JOURNAL OCTOBER 2012 Figure 10 . Predicted aerodynamic polar. Dashed lines refer to the actual aeroplane and are extracted from Caldarelli (24) . Calculations shown at M = 0 . 40.
2. the C D is underestimated by about 18% at α = 0. An increase in cruise speed (or Mach number) leads to a tiny decrease in C D .
Thus, if the reference data were to be correct, the gap would have to be attributed to the profile drag coefficient. The profile drag gap cannot be attributed only to wetted areas, but will have to address the nature and validity of the reference data.
Integration strategies
We will refer to two specific cases of integration: optimal cruise speed-altitude points from the SAR analysis and the payload-range performance of the aeroplane, which is an integral representation of the point parameter.
Point Performance. As demonstrated in the earlier cases, the calculation of the SAR and the determination of the optimal cruise points are key indicators of the accuracy of the whole method. The SAR depends on accurate aerodynamics and propulsion performance over the complete range of weights, flight altitudes and air speeds. Compared to the cases that we have demonstrated in our earlier work, this is far more demanding, because it introduces a new subsystem in the equation: the propeller. Thus, the matching of the SAR with reference data depends on the accurate calculation of propeller performance, engine performance, aerodynamic characteristics and the integration among all these systems. Figure 11 shows the calculated SAR at various combinations of flight levels and weights. The irregularities in the SAR curves arise from numerical inaccuracies at several stages: incomplete convergence of the propeller inflow, interpolation errors, propeller trim conditions, etc., some of which can be severe at low flight speeds. The manufacturer does not publish SAR-charts; hence the comparison can only be done with the typical cruise speed.
The manufacturer reports that the economic cruise speed is 248 KTAS, with no reference to weight or flight level. The 248 KTAS line is shown in the graphs for comparison with the computed long-range Mach (or speed). This value is matched at weights between 15 and 20 metric tons at all flight levels. At lighter weights, the optimal cruise speeds tend to decrease. This is not an uncommon result.
The correct determination of the KTAS-ICA is a very important indication that at least at cruise conditions the model of the aeroplane is fairly accurate. In the case of a propeller aeroplane this is a welcome result, particularly in consideration of the uncertainty of the data that have been used to construct the model.
Payload-Range.
The extended-range fuel is calculated on the basis of the conditions specified by the manufacturer. In this instance, we have a 45 minute extension of the cruise and an extended range of 87nm. Figure 12 shows the calculated payload-range chart and its comparison with the performance data published by the manufacturer. The data indicate two different payload weights; we have used the high payload configuration.
The main performance parameters of this test case are summarised in Table 3 . In all cases, the program computed ICA = FCA = 250, although it must be pointed out that the FCA was forced to FL-250 because otherwise it would have exceeded the certified ceiling. The calculations are only based on the combination of aerodynamics and propulsion and do not take into account effects such as cabin pressure. Figure 13 shows the calculated CO 2 emissions (which are proportional to the fuel burn) for increasing stage length, at two different passenger loads: 70% and full capacity.
Noise models
A comparison between the present implementation and the data from Ref. 23 is shown in Fig. 14 . The comparison, up to the first five harmonics as provided by the data, is excellent. The engine noise model has been adapted from turbofan to turboprop by disconnecting the fan, and by converting the nozzle/jet noise from coaxial to a single hot jet. Figure 15 shows the computed noise trajectories at take-off and approach/landing by using the comprehensive program. The calculation was done on the trajectories that have been optimised for minimum fuel consumption, subject to a required stage length of 1,000km (~540nm), full passenger load, zero bulk cargo, on a standard day and −4kt headwind at cruise. The noise calculation itself takes into account the effects of atmospheric propagation. In the results obtained, we selected a number of components for a separate analysis. The propeller is the dominant source as the aircraft is closest to the microphone, but this contribution tapers off away from the receiver. The calculation of the sideline noise is done by using seven microphones placed laterally at 450m from the runway centreline. Typical computing times are about 20 to 25 minutes. One result is shown in Fig. 16 .
Our experience indicates that the determination of the atmospheric absorption, the wind and temperature effects are at least as important as the determination of the acoustic sources themselves. It is of no use to have high-order methods for calculating acoustic sources from complex machinery and then lose this accuracy with improper account of the propagation and atmospheric effects.
Typical computing times for a noise trajectory are fewer than five minutes with about 150 trajectory points per microphone; this time increases to over two hours if wind and temperature effects are to be taken into account. The computing time is proportional to the number of receiver points. Thus, the calculation of a noise carpet, in absence of winds, is done overnight. Some computing economy can be achieved by storing all the flight parameters along a trajectory into a single array.
The certified noise performance for this aircraft, according to the Airplane Flight Manual, Appendix 1 (EASA, approved for FAA) are the following: take-off noise = 79 . 0 EPNdB; sideline at take-off = 83 . 2 EPNdB, approach and landing = 92 . 3 EPNdB. The calculated noise performance is the following: take-off = 77 . 2 EPNdB; sideline at take-off = 83 . 0 EPNdB; landing/approach = 89 . 1 EPNdB. The discrepancy between calculated and certified noise level (+2dB) can be attributed to a great variety of factors. In the case of the take-off, a possible cause of discrepancy is the relatively long ground roll, due to sluggish acceleration at low speeds, which on turn is caused by relatively low propeller thrust at brake release, etc. However, it is also possible that other factors play in favour of the accuracy. In summary, the accurate determination of aircraft performance, including noise, depends on a great variety of sub-systems that must be correctly integrated and validated.
CONCLUSIONS
This paper has shown advances in comprehensive flight performance, with applications to a commercial aeroplane powered by turboprop engines and advanced propellers. The theoretical framework uses partial, incomplete and unverified aeroplane information to build a realistic model of the aeroplane, for the purpose of determining its flight performance and the performance of many of its sub-systems. This framework, based on first principles as far as possible, is generally robust, but requires considerable validation. Thus, the paper demonstrated that the first objective has been achieved.
The second objective was achieved through a multi-disciplinary validation strategy. In the process, we have developed a general method for validating an aircraft model, however complex, through direct and indirect tests. Direct tests are carried out whenever reference data are available. The environmental emissions of the aeroplane have been calculated in the context of short to medium stage length. We have demonstrated how these emissions are strongly dependent on the load factor and less dependent on stage length.
Finally, to fulfil the last scope of our contribution, we have developed an aircraft noise model, including a propeller. The model has been fully integrated with the flight mechanics to provide realistic estimates of perceived noise levels on a variety of trajectories. Further work along this vein would include a trajectory optimisation method.
The models presented in this paper represent an advancement over the earlier turbofanpowered aeroplanes, and use relatively accurate aerodynamic, propulsion and noise models for the propeller and its associate systems.
The approach proposed is in line with the needs of the aviation industry and allows the undertaking of realistic engineering calculations under different types of flight scenarios. The computer code can be used at the operational level, rather than the design level, when several parameters of the aeroplane might not be available. Typical application areas include flight trajectory optimisation (for example, continuous descent), noise trajectories, fuel economy and exhaust emissions, competition analysis and a wide range of parametric analysis, including aerodynamics, engine performance, propeller performance and basic flight dynamics.
